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The RecQ family of DNA helicases including WRN
(Werner syndrome protein) and BLM (Bloom syn-
drome protein) protects the genome against delete-
rious changes. Here we report the cocrystal structure
of theRecQC-terminal (RQC) domain of humanWRN
bound to a DNA duplex. In the complex, the RQC
domain specifically interacted with a blunt end of
the duplex and, surprisingly, unpaired a Watson-
Crick base pair in the absence of an ATPase domain.
The bwing, an extended hairpin motif that is charac-
teristic of winged-helix motifs, was used as a ‘‘sepa-
rating knife’’ to wedge between the first and second
base pairs, whereas the recognition helix, a principal
component of helix-turn-helix motifs that are usually
embedded within DNA grooves, was unprecedent-
edly excluded from the interaction. Our results
demonstrate a function of the winged-helix motif
central to the helicase reaction, establishing the first
structural paradigm concerning the DNA structure-
specific activities of the RecQ helicases.
INTRODUCTION
Helicases are enzymes that separate the complementary
strands of nucleic acid duplexes using the energy derived from
ATP hydrolysis (Singleton et al., 2007). The RecQ helicases, a
family of DNA-unwinding enzymes conserved from prokaryotes
to mammals, play a key role in protecting the genome against
deleterious changes. In humans, deficiencies in the members
WRN (Werner syndrome protein), BLM (Bloom syndrome
protein), and RECQ4 lead to the rare genetic disorders Werner,
Bloom, and Rothmund-Thomson syndromes, respectively (for
recent reviews, see Bohr, 2008; Chu and Hickson, 2009). These
diseases are commonly associated with cancer predisposition
and/or accelerated aging, and cells derived from patients show
high levels of genomic instability such as sister chromatid
exchange and telomere shortening.
In primary sequences, the largest and most conserved
component of the RecQ family is the ATPase domain, which
contains two RecA-like subdomains (1A and 2A; Figure 1A)
that act as an ATP-dependent DNA translocation module. By
analogy with other helicases (Singleton et al., 2007), the domainStructure 18, 177was originally referred to as a ‘‘helicase domain.’’ However, later
studies revealed that the ATPase domain of WRN (Lee et al.,
2005) and BLM (Janscak et al., 2003) does not exert unwinding
activity by itself and that the reaction is dependent on a second
conserved region, the RQC (RecQ C-terminal or conserved)
domain. As its name implies, RQC sequences are unique to
the RecQ family and are located at the C terminus of ATPase
domains. Structural studies of the Escherichia coli (Bernstein
et al., 2003) and human (Hu et al., 2005; Pike et al., 2009)
enzymes revealed that the region folds into a winged-helix motif,
a subset of the helix-turn-helix superfamily. Helix-turn-helix
motifs including the winged helix are known as major double-
stranded (ds) DNA-binding domains found in many nuclear
proteins (Gajiwala and Burley, 2000a). In fact, purified RQC
from WRN (Kitano et al., 2007; Lee et al., 2005; von Kobbe
et al., 2003) and BLM (Huber et al., 2006) displays strong DNA-
binding activity. The RQC domain therefore emerged as the
primary dsDNA-binding site in the RecQ helicases.
The precise role played by the RQCdomain, however, remains
unclear. In this study, we report the crystal structure of a WRN
RQC-DNA complex, the first DNA-bound structure from the
RecQ family. The structure reveals a novel DNA-interaction
mode of the RQC domain which strikingly differs from all existing
examples of helix-turn-helix proteins. Furthermore, the structure
unexpectedly captures a DNA-unwinding event by the RQC
domain, which gives a clear explanation for the unique activities
of RecQs toward recombination and replication intermediates
such as Holliday junctions and stalled replication forks.RESULTS
Structural Determination of the WRN RQC-DNA
Complex
Prior to crystallization, we performed limited proteolysis of the
reported WRN RQC fragment (aa 949–1092; von Kobbe et al.,
2003) and determined a more accurate C-terminal boundary
of the domain to be aa 1078 (see Figure S1A available online).
A plasmid encoding aa 949–1079 (WRN RQC) was therefore
reconstructed. The protein was overexpressed in E. coli and
purified to homogeneity without degradation (Figure S1B).
Analytical gel-filtration chromatography showed that WRN
RQC exists as amonomer in solution (Figure S1C). Cocrystalliza-
tion trials of the WRN RQC-DNA complex were performed
using four different DNA duplexes (forked duplex, 10-, 12-,
and 14-base-pair duplexes; Figure S1D), of which only the–187, February 10, 2010 ª2010 Elsevier Ltd All rights reserved 177
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Figure 1. Structure of WRN RQC Domain
Bound to DNA
(A) Domain diagram of RecQ helicases. The RQC
domain is in blue. The Zn-binding motif (brown),
which is also unique to the RecQ family and often
combined with the RQC sequence, is depicted in
the C terminus of the ATPase domain based on
the latest structural data (Bernstein et al., 2003;
Pike et al., 2009). Most RecQs also share the
HRDC (helicase-and-ribonuclease D/C-terminal)
domain at the C terminus, although it is not essen-
tial for helicase activity (Bohr, 2008; Chu and Hick-
son, 2009). A nuclear localization signal is depicted
as a shaded bar. The fifth humanmember, RECQ5,
which is expressed as three different splice vari-
ants (Bohr, 2008; Chu and Hickson, 2009), is
omitted here.
(B) Structure of WRN RQC domain (blue, ribbon
model) bound to the 14-base-pair duplex (orange,
tubular model). The molecular surface of the RQCs
is shown in transparent gray and the secondary-
structure elements are labeled. Side chains of the
key interacting amino acids are shown as stick
models.
(C) A view following 90 rotation along the y axis.
Structure
Structure of WRN Winged-Helix Domain Bound to DNA14-base-pair duplex yielded crystals. The phases were deter-
mined using the multiwavelength anomalous dispersion (MAD)
method with an ethyl mercuric phosphate (EMP) derivative
(Table 1).
WRN RQC Binds and Unpairs the Duplex End
We determined the structure of the WRN RQC domain bound to
a blunt-ended DNA duplex at a resolution of 1.9 A˚. The asym-
metric unit of the crystal contains one complex (Figures 1B
and 1C). Two RQC monomers, although crystallographically
independent of each other, each bind to the 8 terminal base pairs
of the duplex through identical interactions (Figure S2A). The
RQC domain is composed of five a helices and four b strands.
The core is tightly packed and is principally composed of hydro-
phobic residues, which are conserved in other members (Fig-
ure 2). The DNA-binding surface of RQC includes both basic
and hydrophobic regions (Figure 3; Figures S2B and S2C). The
loop between helices a2 and a3 (a2-a3 loop) is located in amajor
groove and runs along the 30 strand by forming seven hydrogen
bonds with the backbone phosphates, as well as a salt bridge
with the phosphate on the 50 strand through an extended side
chain of Arg993.
Surprisingly, each DNA blunt terminus was bound to and
unpaired by a prominent b hairpin, b2-b3, which corresponds
to a so-called bwing of winged-helix motifs (Gajiwala and Burley,
2000a). The b wing of the WRN RQC extends from the domain
surface and wedges between the last-paired (C2 and G130) and178 Structure 18, 177–187, February 10, 2010 ª2010 Elsevier Ltd All rights reservedunpaired (A1 and T140) bases, resulting
in a loss of base-base stacking and sepa-
ration of both strands. The Phe1037 side
chain, which caps the b wing, forms a p
ring stack with the newly exposed paired
base at the 30 terminus (G130), while
Met1038 and Tyr1034 stack onto thepaired (C2) and flipped-out (A1) bases at the 5
0 terminus, respec-
tively. The deoxyribose moiety of A1 is packed against the
conserved hydrophobic patch of RQC. Whereas both termini
of the DNA are unpaired by the RQC domains, the central 12
base pairs remain in the regular B-form conformation.
RQC Is an Unconventional Winged-Helix Domain
To date, cocrystal structures of a variety of winged-helix proteins
bound to DNA have been determined, including those for
transcription factors ETS (Kodandapani et al., 1996) and RFX1
(Gajiwala et al., 2000b) and the DNA-repair enzyme AGT (Daniels
et al., 2004). In these structures, proteins are commonly bound to
the B-form DNA via principal contacts of a ‘‘recognition helix’’
deep in the major or minor groove of DNA (Figures 4B–4D). In
sharp contrast, the binding mode of WRN RQC, which is
sequence nonspecific, differs from all known examples of
winged-helix and other helix-turn-helix proteins. The recognition
helix of RQC (a4) is located more than 5 A˚ away from the bound
DNA (Figure 4A), whereas the b wing exhibits a novel interaction
with the terminus of the duplex. Considering that the nature of
the recognition helix is in favor of sequence-specific DNA recog-
nition (Gajiwala and Burley, 2000a), its exceptional lack of use
in RQC seems essential for realizing the unprecedented DNA-
binding architecture required for the sequence-independent
helicase reaction. In addition, unlike other winged-helix proteins,
the RQC domain does not induce a bend in the duplex, which
would be suitable for processive DNA unwinding.
Table 1. Crystallographic Data for the WRN RQC-DNA Complex
Nativea Ethyl Mercuric Phosphatea
X-Ray Data
Space group P4322 P4322
Cell parameters (A˚) a = b = 84.08
c = 145.29
a = b = 83.78
c = 144.72
VM (A˚
3/Da)/Vsolvent (%) 3.28/62.5 3.24/62.0
Beamline SPring-8 BL44XU SPring-8 BL41XU
Resolution (A˚)b 20–1.90 (1.97–1.90) 20–2.20 (2.28–2.20)
Peak Inflection Remote
Wavelength (A˚) 0.9000 1.0057 1.0090 1.0257
Reflections (total/unique) 404,003/41,719 348,717/48,917 361,008/49,260 326,252/48,013
Completeness (%) 100 (99.9) 98.0 (85.1) 98.5 (88.7) 95.9 (74.8)
Redundancy 9.7 (9.5) 7.1 (4.8) 7.3 (5.2) 6.8 (4.1)
Mean I/sI 14.7 (6.2) 7.0 (3.0) 7.3 (3.1) 6.2 (2.3)
Rmerge (%) 4.3 (48.8) 10.0 (39.1) 9.5 (39.2) 11.7 (46.3)
Phasing (EMP MAD)
Number of heavy-atom sites 10
Figure of merit (acentric/centric) 0.55/0.41
Refinement
Number of atoms
Protein 1776 (218 of 262 aa)
DNA 568 (all of the 14 base pairs)
Solvent 8 (two acetate ions) and 338 (waters)
Rwork/Rfree (%)
c 21.1 (25.4)/24.3 (31.8)
Ramachandran plot (%)
Favored 99.1
Allowed 0.9
Disallowed 0
Rms bond length (A˚), angles () 0.009, 1.409
Average B factor (A˚2)
WRN RQC 41.5 (Mol A) and 41.9 (Mol B)
DNA 38.9 (Mol C) and 41.4 (Mol D)
Solvent 30.5 (acetate ions) and 40.7 (waters)
aOne crystal was used for each data set. The total oscillation range was 120 for native and 360 for derivative, respectively.
bNumbers in parentheses refer to statistics for the outer resolution shell.
c Rwork = S j j Fobs j  j Fcalc j j/S j Fobs j. Rfree is the same as Rwork except that a 5% subset of all reflections was held aside throughout the refinement.
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Structure of WRN Winged-Helix Domain Bound to DNAStructure-Specific DNA Binding of the RQC Domain
Unlike most other helicases, the RecQ family exhibits preferen-
tial activity toward various branched DNAs including bubbles,
D loops, and Holliday junctions (Bohr, 2008; Brosh et al., 2002;
Chu and Hickson, 2009; Mohaghegh et al., 2001). Such struc-
ture-specific activities of RecQs account for many of their key
functions during DNA recombination, replication, and repair. In
our structure, either the 50 or 30 end atoms of the unpaired nucle-
otides (A1 and T140) are exposed to the solvent, indicating a
central role of RQC in both recognizing and binding to these
branched points. The structure also verified the inherent inability
of RQC to bind DNA in the middle of the linear B-form conforma-
tion, due to the steric hindrance that occurs between the pro-
truding b wing and the paired bases (Figures 3A and 3C). These
results are consistent with recent electron microscopic studies
of WRN, where the full-length protein was specifically bound atStructure 18, 177the Holliday junctions and replication forks but nowhere else
on the DNA (Compton et al., 2008).
In the structure, the unpaired 50 nucleotide (A1) was held tightly
by RQC in opposition to its reannealing, whereas the 30 nucleo-
tide (T140) was mostly disordered in the electron density map
(Figure 3A). This binding mode implies the predisposition of
RQC toward the site possessing a 50 single-stranded (ss) exten-
sion. In fact, previous electrophoretic mobility-shift assays
(EMSAs) suggested preferential binding activity of WRN RQC
to the 50 overhang and forked duplexes over the blunt-ended
duplex (von Kobbe et al., 2003). Our fluorescence polarization
assays also showed a significant binding preference of WRN
RQC to the 50 overhang (dissociation constant 102 ± 25 nM)
and forked (108 ± 22 nM) duplexes rather than the 30 overhang
(204 ± 29 nM) and blunt-ended (253 ± 35 nM) duplexes (Figure 5).
Moreover, stronger binding was observed with the bubble–187, February 10, 2010 ª2010 Elsevier Ltd All rights reserved 179
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Figure 2. Amino Acid Sequences of RQC Domains in the RecQ Family
(A) Alignment of RQCs from human WRN, BLM, and RECQ1, Saccharomyces cerevisiae Sgs1, and E. coli RecQ. The multiple alignment was retrieved from the
Pfam (family ID 09382) and NCBI databases and manually modified based on the three-dimensional structures (Bernstein et al., 2003; Hu et al., 2005; Pike et al.,
2009). For WRN, secondary-structure elements in the DNA-bound and unbound forms (Figure 6A) are compared below the sequence. Loop regions and
disordered regions are shown as solid and dashed lines, respectively. Nonpolar residues that comprise the folding core of the domain are brown. Arg993 on
the a2-a3 loop of WRN and analogous residues in other members are blue, whereas the three amino acids on the b wing involved in strand separation are
red. The b wing of E. coli is shorter, and functional differences between bacterial and human RecQs likely exist (Machwe et al., 2006; Pike et al., 2009;
Ralf et al., 2006). Helix a4 corresponds to the recognition helix of the helix-turn-helix motif, but the sequences are not conserved in the RecQ family except
for the hydrophobic residues involved in folding.
(B) Alignment of WRN and BLM from animal species. The key residues are colored as in (A). Secondary-structure elements of WRN in the DNA-bound form are
shown. Identical residues are denoted by an asterisk. BLM possesses an insertion of 11–14 residues (boxed) at the C terminus of the first helix a1; these
sequences are not conserved in evolution, but they retain many small amino acids such as glycine and serine (light blue). In the WRN structure, an amino
acid that is C-terminal to a1 (Gly974) is located opposite the DNA-binding surface and is exposed to the solvent. The inserted residues in BLM, although their
function is not known, most likely form a flexible looping-out structure.
Structure
Structure of WRN Winged-Helix Domain Bound to DNADNA (44 ± 6 nM) that contains two 50 ssDNA sites. The preexis-
tence of an unpaired 50 ssDNA extension may enable RQC to
gain the binding energy needed for base-pair separation, a
feature that may explain the preferred unwinding activities of
WRN and BLM toward forked or bubble substrates rather than
a simple 30-tailed duplex (Brosh et al., 2002; Mohaghegh et al.,
2001).180 Structure 18, 177–187, February 10, 2010 ª2010 Elsevier Ltd AllMutagenesis Assays Confirm the RQC-DNA Interaction
The structure revealed a unique DNA-binding mode of the RQC
domain with the a2-a3 loop and b wing. Comparison with a
DNA-free structure of WRN RQC (Hu et al., 2005) suggests
that the conformational changes in the two regions occur when
binding to DNA (Figure 6A). In order to confirm the RQC-DNA
interactions in solution, we next introduced mutations into therights reserved
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Figure 3. Interactions between WRN RQC
and DNA
(A) Stick model representation. WRN RQC is in
light blue and DNA is in green or yellow. Electron
densities (composite omit map contoured at 1s)
are superimposed for protein (blue) and DNA (red).
(B) A view of the a2-a3 loop following 90 rota-
tion along the y axis.
(C) Schematic representation. The intermolecular
hydrogen bonds are shown in red with each
distance labeled. No hydrogen bond is formed
between RQC and the bases. Stripes show the
stacking of side chains on bases and curves
show other hydrophobic interactions.
Structure
Structure of WRN Winged-Helix Domain Bound to DNARQC domain at each of the newly identified DNA-interacting
residues and analyzed their interactions with DNA (50 overhang
duplex; the same oligonucleotide as that used for fluorescence
polarization) by EMSAs.
In the structure, only two positively charged amino acids were
involved in the interaction with DNA: the side chains of Arg987
and Arg993 in the a2-a3 loop form a salt bridge with the phos-
phate groups of nucleotides A70 and C2, respectively (Figure 3C).
Arg993 is conserved as arginine or lysine in other members
(Figure 2). Consistent with these observations, single mutations
of these two amino acids to alanine (R987A and R993A) resulted
in approximately 8-fold and 20-fold losses of binding, respec-
tively (Figures 6B and 6C). An equivalent or complete abolish-
ment of binding was observed when these residues were re-
placed by a negatively charged amino acid (R987E and R993E)
or when a double mutation (R987A/R993A) was introduced.
Mutation of Ser989, an amino acid that forms a nonionicStructure 18, 177–187, February 10, 2010hydrogen bond with DNA, to alanine
(S989A) also reduced binding (4-fold
loss).
Furthermore, mutations in the b wing
also significantly reduced binding (Fig-
ure 6B and 6D). The three hydrophobic
residues that are stacked onto the
exposed bases (Tyr1034, Phe1037, and
Met1038; Figures 3A and 3C) were re-
placed by alanine. The F1037A mutant
(and the F1037A/M1038A double mutant)
resulted in the greatest loss of binding
(8-fold loss), whereas the Y1034A and
M1038A mutants resulted in less than
2-fold and 4-fold losses of binding, res-
pectively. These results are consistent
with the interactions observed in the
crystal structure, further suggesting that
less hydrophobic amino acids like alanine
may still be useful in some positions; that
is, Tyr1034 and Met1038 are replaced by
alanine in BLM and RECQ1, respectively
(Figure 2A). In summary, the mutagenesis
results are in full support of the crystal
structure, confirming the importance of
the basic amino acids in the a2-a3 loop
(Arg987 and Arg993) for binding to back-bone phosphates of DNA, and the aromatic amino acid at the tip
of the b wing (Phe1037) for hydrophobic interaction with the
duplex terminus.
DISCUSSION
DNA Strand Separation by the RQC Domain
The structure has delineated the importance of the RQC domain
in the three major activities of the RecQ family, involving recog-
nition, binding, and unwinding of DNA at branched points. The
b wing of RQC acts as a ‘‘separating knife’’ to cut into the lines
of the stacked bases from the duplex terminus. These results
may explain why the helicase activity of RECQ4 (Rothmund-
Thomson syndrome protein), which lacks the entire RQC
sequence (Figure 1A), is fairly weak or even undetectable
(Bohr, 2008; Chu and Hickson, 2009). Other DNA helicases
such as bacterial UvrD (Lee and Yang, 2006) (Figure 4E) andª2010 Elsevier Ltd All rights reserved 181
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Figure 4. Comparison with Other Winged-Helix Proteins and Other Helicases
(A) WRN RQC domain bound to DNA (present structure). The recognition helix and b wing are in cyan and green, respectively. Mutagenesis assays concerning
the recognition helix of WRN RQC were previously reported (Lee et al., 2005) and are discussed in Figure S2B.
(B) Winged-helix domain of PU.1 ETS bound to DNA (Kodandapani et al., 1996). The orientation and colors of the domain are comparable to that in (A). The
recognition helix and b wing bind the major and minor grooves, respectively.
(C) Winged-helix domain of RFX1 bound to DNA (Gajiwala et al., 2000b). The recognition helix and b wing bind the minor and major grooves, respectively.
(D) Winged-helix domain of AGT bound to DNA (Daniels et al., 2004). The recognition helix binds a minor groove and atypically recognizes the damaged guanine
and orphan cytosine.
(E) ATPase domain of E. coli UvrD bound to a 30-tailed duplex (Lee and Yang, 2006). The ATP-binding cleft is indicated by an arrow (magenta) and the strand-
separating element (b hairpin) is green. Tyr621 and Gly622 stack onto the last paired bases at the 30 and 50 termini, respectively. The structure is comparable to
that of PcrA (Velankar et al., 1999).
(F) ATPase domain of archaeal Hel308 bound to a 30-tailed duplex (Buttner et al., 2007). The ATPase domain of either the UvrD (E) or Hel308 interacts extensively
with the 30 ssDNA overhang, a so-called helicase-loading tail, that is used as a grip during unwinding (Singleton et al., 2007).
(G) Wedge domain of bacterial RecG bound to a synthetic replication fork (Singleton et al., 2001). The domain is compact but, compared with the RQC, occupies
a larger space ahead of the separating point; RecGmay bind to the Holliday junction and replication fork exclusively as a monomer (Briggs et al., 2004; Singleton
et al., 2001). In (E)–(G), other portions of the enzyme and DNA are omitted for clarity.
Structure
Structure of WRN Winged-Helix Domain Bound to DNAarchaeal Hel308 (Buttner et al., 2007) (Figure 4F) also possess
a conserved b hairpin to act as an unwinding element; however,
these hairpins are located directly within the ATPase domains
(i.e., helicase domains) and display various orientations toward
DNAs. The importance of the b wing in the RecQ family is also
supported by previous mutation assays of RECQ1, where dele-
tions in the bwing or replacement of Tyr564, which corresponds
to WRN Phe1037 (Figure S2D), with alanine resulted in severe
loss of helicase activity (Pike et al., 2009).
Figure 7A shows a superimposition of our DNA structure onto
the RQC domain of the RECQ1 helicase core (Pike et al., 2009).
In this docking model, the RQC domain holds onto the upstream
duplex to catalyze strand separation, while the unwound 30
nucleotide is in close proximity to the Zn-binding motif that is
attached to the C terminus of the ATPase domain (subdomain
2A). Considering that the RecQ family unwinds DNA in a 30-to-
50 direction (Bohr, 2008; Chu and Hickson, 2009), the Zn motif
may act as a joint to guide the newly unpaired 30 nucleotides to
the translocation site within the ATPase domain. Translocation
by the ATPase domain may in turn allow the RQC domain to
rebind upstream, thereby enabling the b wing to melt the next
base pair of the duplex.182 Structure 18, 177–187, February 10, 2010 ª2010 Elsevier Ltd AllProposed Models for Branch Migration
and Fork Regression by RecQs
In contrast to UvrD and Hel308, the RecQ family prepares the
separating element in the compact RQC domain, which is likely
to be mobile against the ATPase domain (Pike et al., 2009).
Detachment of the unpairing module from the translocation
module may be advantageous in processing multistranded
DNAs such as the Holliday junctions. Given that the RQCs melt
one base pair each upon binding, a small hole of the Holliday
junction can still accommodate one pair of bwings without steric
hindrance (Figure 7B). Binding of a WRN oligomer to a single
Holliday junction was also suggested by electron microscopy
(Compton et al., 2008). Such a binding mode in the cases of
UvrD and Hel308 is unlikely because their ATPase domains
require too much space ahead of the separating points (Figures
4E and 4F). Indeed, WRN and BLM, but not PcrA (a homolog of
UvrD) can efficiently promote migration of the Holliday junctions
(Constantinou et al., 2000; Karow et al., 2000); BLM utilizes this
activity to resolve double Holliday junctions in a homologous
recombination process, thereby suppressing the formation of
crossover products (Wu and Hickson, 2003). Our structural
model suggests that, in the branch migration by RecQs, tworights reserved
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Figure 5. Binding Assays of WRN RQC to Various DNA Substrates Examined by Fluorescence Polarization
(A) Dissociation constants (KD) obtained from dose-response curves are listed with standard deviations, in descending order of affinities. RQC-binding sites that may
(blue) ormaynot (white) require anunpairing event are indicatedby arrows; theobtainedKDvalues likely represent the averages formultisites inone substrate. Thehigh-
est affinity obtainedwith bubble DNA implies some cooperative binding to this substrate by the two RQCmonomers (two blue arrows), although details are not known.
(B) Representative binding curve of WRN RQC with bubble DNA (blue circles). The polarization signals were plotted against the protein concentration with stan-
dard deviations. The WRN HRDC domain (aa 1142–1242), which possesses a similar domain size but does not exhibit detectable DNA-binding activity (Kitano
et al., 2007), was purified and used as a negative control (red triangles).
Structure
Structure of WRN Winged-Helix Domain Bound to DNA
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Figure 6. Mutagenesis Binding Assays by EMSA
(A) Superimposition of the DNA-bound (present structure in blue) and -unbound (Hu et al., 2005) (red) forms of WRN RQC. The orientation of molecules viewed is
the same as in Figure 3A. Large structural changes occurred in the two regions comprising the bwing (including Phe1037) and a2-a3 loop (including Arg993). The
latter leads to a more extended conformation of the a2-a3 loop accompanied by reconstruction of the a3 helix (Figure 2A).
(B) WRN RQC wild-type in the GST-fused form (lanes 1–3: 1.25, 2.5, and 5 pmol, respectively) and ten different variants with identical protein amounts were
incubated each with 1 pmol of fluorescein isothiocyanate-labeled DNA (50 overhang duplex; sequences are shown in Figure 5A). Free and protein-bound
DNA fractions were separated by electrophoresis using nondenaturing gels. Lanes 34 and 35 are negative controls without protein and with 5 pmol of GST
tag, respectively. Lane 36 is the same as lane 3 (positive control for the second gel). SDS-PAGE of the purified proteins is shown in Figure S3A. Circular dichroism
spectra of the GST-cleaved form of the proteins indicate that the RQC domain remains structured in the mutants (Figure S3B).
(C) Quantitative analysis of the EMSA gels showing the effects of mutations in the a2-a3 loop. The band shifts (%) from three independent experiments were
quantitated and plotted against the protein amount (pmol) with standard deviations (normalized for the band shift by wild-type at 5 pmol to 100% binding).
(D) Quantitative analyses showing the effects of mutations in the b wing.
Structure
Structure of WRN Winged-Helix Domain Bound to DNARQC domains may simultaneously catalyze the strand separa-
tions to smoothly move the crossover point in concert with
translocation by the ATPase domains.
Comparison with the Wedge Domain of Bacterial RecG
Interestingly, a compact domain (named the wedge domain) that
binds to the branched points was also found in the bacterial
RecG helicase (Singleton et al., 2001), although its structure is
distinct from that of RQC (Figure 4G). In RecG, the domain plays184 Structure 18, 177–187, February 10, 2010 ª2010 Elsevier Ltd Alla central role in converting stalled replication forks into Holliday
junctions, a process termed fork regression (Briggs et al., 2004;
Singleton et al., 2001). No homolog of RecG has been identified
so far in eukaryotes, whereas WRN and BLM have been demon-
strated to catalyze the equivalent reactions in vitro (Machwe
et al., 2006; Ralf et al., 2006). The RQC domain now emerges
as a likely candidate to substitute the wedge domain of RecG
in eukaryotes (Figure 7C), aswell as to play a role in the resolution
of D loops (Figure 7D); WRN is a prominent candidate to catalyzerights reserved
Figure 7. Binding Models of RQC to the
Holliday Junction, Replication Fork, and D
Loop
(A) Superimposition of the DNA duplex (present
structure) on the helicase core of RECQ1 (Pike
et al., 2009). The RQC domain and Zn-binding
motif are in blue and brown, respectively. The
ATPase domain (gray) includes subdomains 1A
and 2A, and the intersubdomain cleft binds a
nucleotide (ADP; magenta). The molecular surface
of RECQ1 (transparent gray) binds with the DNA
duplex with no significant steric conflict, whereas
the recognition helix is located apart from the DNA
with its surface packed against the Zn-binding
motif. Superimposition was performed using the
RQC domains of WRN and RECQ1 as a reference
(Figure S2D).
(B) Binding model of RQC domains to the Holliday
junction. Two (but not three or four) RQC mono-
mers fit well to the Holliday junction structure
with no steric hindrance with the DNA or to each
other. The right RQC molecule is viewed in the
same orientation as in (A), and the ATPase
domains may interact with the respective vertical
duplex in a manner similar to that proposed for
RecG (Briggs et al., 2004; Singleton et al., 2001).
The arrows represent the directions of DNA trans-
locations required for branch migration. The
binding model was constructed based on the
crystal structure of a Holliday junction bound by
E. coli RuvA (Ariyoshi et al., 2000); the two hori-
zontal arms and two vertical armswere reset to the ideal plane conformation and replaced by the superimposed DNA duplexes bound by RQC (present structure)
and the ideal B-form duplexes, respectively.
(C) Schematic representation depicting fork regression catalyzed by RQC domains. The resulting Holliday junction is colored as in (B).
(D) Schematic representation depicting release of the 30-invading strand (green) by RQC.
Structure
Structure of WRN Winged-Helix Domain Bound to DNAthe resolution of telomeric D loops to facilitate an alternative
lengthening of the telomeres (Opresko et al., 2004).
In conclusion, our study has given the first structural frame-
work for RecQ-DNA interaction, a novel DNA-binding architec-
ture of the RQC winged-helix domain that RecQ helicases use
for base-pair separation. To date, RQC sequences have been
found only in the RecQ family of proteins (Bohr, 2008; Chu and
Hickson, 2009). Future studies focusing on more detailed
features of the RQC domain are required in terms of the special-
ized activities of the RecQ family as tumor and accelerated aging
suppressors.EXPERIMENTAL PROCEDURES
Protein Expression
A DNA fragment encoding WRN 949–1092, which includes RQC (von Kobbe
et al., 2003), was cloned from human WRN and inserted into the glutathione
S-transferase (GST) fusion vector pGEX-5X-1 (GE Healthcare Biosciences).
The fidelity of the coding region was confirmed by DNA sequencing. The frag-
ment was overexpressed in E. coli and purified in the GST-cleaved form;
however, the C-terminal region (10 residues) was found to be susceptible
to proteolysis. Limited proteolysis of GST-WRN 949–1092 (Figure S1A) consis-
tently showed more resistance of WRN 949–1078 to protease, suggesting
this region represents the folded domain. A second plasmid encoding WRN
949–1079 was therefore reconstructed and transformed into E. coli strain
BL21-CodonPlus RIL (Stratagene). Cells were grown at 37C to an OD660 of
0.6 in LB media supplemented with 100 mg/ml ampicillin and 50 mg/ml
chloramphenicol. Expression was induced by the addition of isopropyl-b-D-
thiogalactoside (IPTG) at a final concentration of 1 mM. Following a furtherStructure 18, 1775 hr incubation at 25C, cells were pelleted by centrifugation and washed
with 0.9% (w/v) NaCl solution.
Protein Purification
For purification, cells were resuspended in 50 mM Tris-HCl (pH 7.5), 200 mM
NaCl, 5 mM dithiothreitol (DTT), and 0.5% Triton X-100, and disrupted by soni-
cation in an ice bath. The cell suspension was clarified by ultracentrifugation at
37,000 rpm for 30 min and the supernatant containing GST-WRN RQC was
loaded onto a glutathione Sepharose 4B affinity column (GE Healthcare) equil-
ibrated with 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 5 mM DTT. The
column was washed with the same buffer until protein was undetectable in
the eluent, followed by reequilibration with digestion buffer comprising
50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM DTT, and 5 mM CaCl2. The
protein bound to the resin was digested on the column with 10 units/ml Factor
Xa (Novagen) for 12 hr at 20C. The column effluent containing GST-free RQC
was pooled and then loaded onto a HiTrap Q anion-exchange column (GE
Healthcare) to remove nucleic acids. The flowthrough fraction was pooled
and loaded onto a HiTrap SP cation-exchange column. The protein was eluted
using a 100–1000 mM NaCl gradient, and the pooled fractions were concen-
trated by centrifugation using an Amicon Ultra 5000 MWCO centrifugal filter
unit. The protein was finally loaded onto a HiLoad 26/60 Superdex 75 gel-filtra-
tion column (GE Healthcare) equilibrated with 50 mM Tris-HCl (pH 7.5),
100 mM NaCl, and 5 mM DTT. The pooled peak fractions were again concen-
trated to 20–50 mg/ml by centrifugation. Analysis by SDS-PAGE yielded one
major band corresponding to15 kDa (Figure S1B). Ten milligrams of purified
RQCwas obtained from 3 l of culture. The protein sample was further analyzed
by N-terminal sequencing and matrix-assisted laser desorption/ionization
time-of-flight mass spectroscopy (MALDI-TOF MS; Bruker) to confirm that
no degradation had occurred during the purification process. Three vector-
derived residues (Gly-Ile-Arg) were present at the N terminus. The sample
was frozen in liquid nitrogen and stored at 80C until use.–187, February 10, 2010 ª2010 Elsevier Ltd All rights reserved 185
Structure
Structure of WRN Winged-Helix Domain Bound to DNACrystallization of the WRN RQC-DNA Complex
For cocrystallization with the RQC domain, a series of oligonucleotides (Hok-
kaido System Science; Figure S1D) was annealed by incubating at 90C for
3 min followed by slow cooling to room temperature. Purified WRN RQC
(Figures S1B and S1C) was mixed with the DNA duplex in a 1:1 molar ratio,
yielding a 2.3 mM complex. Crystallization screening was carried out by the
vapor-diffusion method at 20C using commercial screening kits (Hampton
Research and Nextal Biotechnologies), where the RQC-DNA complex was
mixed in a 1:1 ratio with the reservoir solution. Optimized crystallization condi-
tions for the 14-base-pair duplex included 20%–25% (w/v) polyethylene glycol
4K, 0.2 M sodium acetate, and 0.1 M CAPS-NaOH (pH 9–10). Sodium acetate
was a critical determinant for crystallization and could not be replaced by other
salts. The electron density map showed that the RQCs bound one acetate ion
each near the crystal-packing sites (helix a5, opposite the DNA-binding
surface).
X-Ray Data Collection, Phasing, and Refinement
For X-ray data collection, the crystal was transferred to a cryoprotective solu-
tion containing 20% (v/v) glycerol in the reservoir solution, mounted on a rayon
loop, andmaintained at 100K in a nitrogen stream during exposure to the X-ray
beam. Diffractionwas collected on the beamlines at SPring-8, Japan, and then
indexed and merged using HKL2000 (Otwinowski andMinor, 1997). Molecular
replacement using the DNA-free form ofWRNRQC (Hu et al., 2005) as a search
model failed, probably due to structural changes in RQC induced by DNA
binding (Figure 6A). A heavy-atom derivative was prepared by soaking the
crystals in mother liquor containing 2 mM EMP for 12 hr. Heavy-atom sites
of the mercury derivative were determined using SHELX (Sheldrick, 2008),
and initial MAD phases were calculated using SHARP (http://www.
globalphasing.com). Phases were subsequently improved by density modifi-
cation using DM (CCP4, 1994), which yielded an electron-density map of
sufficient quality for both the protein and DNA. The structural model for the
protein was automatically built using ARP/wARP (Langer et al., 2008), and
that for the DNA was manually built using Coot (CCP4, 1994) starting from
the ideal B-form structure. The modeled structure was refined using REFMAC
with TLS parameterization (CCP4, 1994). The stereochemistry of the final
structure was assessed using MolProbity (Davis et al., 2007), in which no
outliers were flagged (Table 1). The structural superimpositions were per-
formed using LSQMAN (Kleywegt and Jones, 1997), and the figures were
prepared using PyMOL (DeLano Scientific).
Fluorescence Polarization Assay
Fluorescein isothiocyanate (FITC) -labeled oligonucleotides (Figure 5A) were
purchased and prepared as previously described (Kitano et al., 2007). Purified
WRN RQC in the GST-free form (Figures S1B and S1C) was mixed with each
substrate in a solution containing 10 mM Tris-HCl (pH 7.5), 25 mM NaCl, and
1 mM DTT. The final protein concentration ranged from 0 to 10 mM, whereas
the DNA concentration was 100 pM in all samples. The protein-DNA interac-
tion was examined by the fluorescence polarization method using a full-range
Beacon 2000 system (Invitrogen) with 490 and 535 nm excitation and emission
wavelengths, respectively. Each measurement was performed at 25C,
repeated five times, and then averaged. The interaction with the forked duplex
was also analyzed at increasing NaCl concentrations from 0 to 150 mM; the
result showed that the WRN RQC-DNA interaction becomes less strong at
higher salt concentrations (Figure S2E), as is usually observed with DNA-
binding proteins.
Preparation of Mutant Proteins
Mutagenesis of the WRN RQC domain was performed using a QuikChange II
Site-Directed Mutagenesis kit (Stratagene). PCR was performed using GST-
WRN 949–1079 as a template, and the fidelity of the PCR products was
confirmed by DNA sequencing. The mutant proteins were expressed in
E. coli and purified in a GST-fused form as previously described (Lee et al.,
2005) (Figure S3A). MALDI-TOF MS confirmed that no degradations had
occurred during purification. The protein concentrations were adjusted to
that of the wild-type bymeasuring absorption at 280 nm and were reconfirmed
by Bradford assays (Bio-Rad) and SDS-PAGE. The proteins were also purified
in a GST-cleaved form in order to examine the secondary-structure contents
by circular dichroism spectroscopy (Figure S3B).186 Structure 18, 177–187, February 10, 2010 ª2010 Elsevier Ltd AllEMSA
Purified proteins were incubated with 1 pmol of FITC-labeled DNA substrate
at 4C for 30 min in binding buffer comprising 20 mM Tris-HCl (pH 7.5),
50 mM NaCl, 5 mM DTT, and 10% glycerol (5 ml each). The samples were
then loaded on nondenaturing 7.5% polyacrylamide gels and electrophoresed
at 4C in 13 TAE buffer (40 mM Tris acetate [pH 8.0] and 1 mM EDTA) at a
constant voltage of 13.6 V/cm for 90 min. The band shifts were directly visual-
ized using a fluorimaging analyzer (Fujifilm LAS-4000) with a fluorescence filter
(Y515-Di) with an exposure time of 6 s for each gel (no band intensity was
saturated). The experiments were done three times, and the gels shown in
Figure 6B are representative. Quantitative analyses of the band shifts were
performed using ImageGauge software (Fujifilm).
ACCESSION NUMBERS
Atomic coordinates and structural factors for the WRN RQC-DNA complex
have been deposited in the Protein Data Bank under ID code 3AAF.
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